Abstract The vestibular nuclear complex (VNC) is classically divided into four nuclei on the basis of cytoarchitectonics. However, anatomical data on the distribution of afferents to the VNC and the distribution of cells of origin of different efferent pathways suggest a more complex internal organization. Immunoreactivity for calcium-binding proteins has proven useful in many areas of the brain for revealing structure not visible with cell, fiber or Golgi stains. We have looked at the VNC of the cat using immunoreactivity for the calcium-binding proteins calbindin, calretinin and parvalbumin. Immunoreactivity for calretinin revealed a small, intensely stained region of cell bodies and processes just beneath the fourth ventricle in the medial vestibular nucleus. A presumably homologous region has been described in rodents. The calretinin-immunoreactive cells in this region were also immunoreactive for choline acetyltransferase. Evidence from other studies suggests that the calretinin region contributes to pathways involved in eye movement modulation but not generation. There were focal dense regions of fibers immunoreactive to calbindin in the medial and inferior nuclei, with an especially dense region of label at the border of the medial nucleus and the nucleus prepositus hypoglossi. There is anatomical evidence that suggests that the likely source of these calbindin-immunoreactive fibers is the flocculus of the cerebellum. The distribution of calbindin-immunoreactive fibers in the lateral and superior nuclei was much more uniform. Immunoreactivity to parvalbumin was widespread in fibers distributed throughout the VNC. The results suggest that neurochemical techniques may help to reveal the internal complexity in VNC organization.
Introduction
The vestibular nuclear complex (VNC) is classically divided into four major nuclei and several smaller cell groups on the basis of cytoarchitectonics (Brodal and Pompeiano 1957; Berman 1968; Brodal 1984) . There is evidence supporting the idea that these nuclei are functionally distinct. Studies of the superior vestibular nucleus have explored its role in mediating the vestibuloocular reflex (Highstein and Ito 1971; Mitsacos et al. 1983; Zhang et al. 1993 Zhang et al. , 1995 . By contrast, studies on the lateral vestibular nucleus have focused on its influences on neck and limb muscles (Shamboul 1980; Akaike 1983; Boyle et al. 1996; Kuze et al. 1999; Boyle 2000; Leblond et al. 2000; Krutki et al. 2003) .
However, both anatomical and physiological data suggest a more complex organization of the VNC than a simple division into four nuclei, each with a different function. There is evidence both for functional subdivisions within each nucleus, and for overlapping functions among the nuclei. First, no major input is restricted only to a single nucleus. For example, the vestibular nerve projects to all four nuclei of the VNC (Korte 1979; Carleton and Carpenter 1984; Siegborn et al. 1991; Newlands and Perachio 2003) , and each of the nuclei receives afferent fibers from each of the semicircular canals and otoliths (Sato and Sasaki 1993; Imagawa et al. 1995; Naito et al. 1995; Newlands and Perachio 2003) . In fact, single vestibular neurons may receive convergent input from more than one sensory structure (Baker et al. 1984; Zhang et al. 2001; Dickman and Angelaki 2002; Newlands and Perachio 2003) . Second, no major output arises from cells confined to only one of the nuclei. For example, vestibulospinal fibers arise from cells in the inferior and medial vestibular nuclei as well as from the lateral nucleus (Peterson and Coulter 1977; Akaike 1983; Bankoul and Neuhuber 1992; Donevan et al. 1992; Rose et al. 1996; McCrea et al. 1999; Wilson and Schor 1999) . Third, within each nucleus, afferent fibers from different sensory structures are not uniformly distributed but found in restricted regions (Imagawa et al. 1995; Naito et al. 1995) . Fourth, cells of origin of efferent pathways are not uniformly distributed within a nucleus. For example, the vestibulospinal neurons in the inferior and medial nuclei are found only in restricted regions (Rose et al. 1996; Wilson and Schor 1999) . The same principles apply to all of the other connections of the VNC (reviews in Wilson and Melvill Jones 1979; Gerrits 1990; Barmack 2003) . Finally, cells with similar response properties may be found in more than one vestibular nucleus (examples in McCrea et al. 1987a McCrea et al. , 1987b .
The complexity of VNC organization has long been recognized (Brodal and Pompeiano 1957; Taber 1961; Berman 1968; Hauglie-Hanssen 1968) , as was the fact that the appearance of the VNC in cell, Golgi, or fiber stains does not reflect this complexity. In other regions of the central nervous system, neurochemical techniques, including enzyme histochemistry and immunohistochemistry, have shown anatomical subdivisions not apparent in cell or fiber stains. Examples include staining for cytochrome oxidase in visual cortex (Horton and Hubel 1981) , and acetylcholinesterase in the superior colliculus and striatum (Graybiel and Ragsdale 1978; Graybiel 1983; Chevalier and Mana 2000) , immunoreactivity to nitric oxide synthase in the nucleus prepositus hypoglossi (Moreno-Lopez et al. 2001) , immunoreactivity to zebrin in the cerebellum (Sillitoe et al. 2003) , and immunoreactivity to calcium-binding proteins in thalamus and cortex Jones 1991a, 1991b; Rausell et al. 1992; Cusick et al. 1993; de Venecia et al. 1995; Jones et al. 1995) .
Data from rodents suggest that this approach may be useful for the VNC as well. Studies using immunoreactivity to calcium-binding proteins noted a small region of calretinin-immunoreactive cells in the medial vestibular nucleus, and further found that immunoreactivity to parvalbumin and calbindin defined different fiber populations (Arai et al. 1991; Re´sibois and Rogers 1992; Kevetter and Leonard 1997; Paxinos et al. 1999) . We have extended this approach to the cat, an animal widely used in studies of vestibular anatomy, physiology and behavior (references in Wilson and Melvill Jones 1979; Gerrits 1990; Wilson et al. 1999; Barmack 2003) . We found a calretinin-immunoreactive cell group in the medial nucleus, and also evidence that the cells are cholinergic. We also found limited regions of dense immunoreactivity for calbindin in fibers in the medial and inferior nuclei. We have presented brief reports of some of these results Baker 2000, 2001) .
Materials and methods
All experiments followed the principles of laboratory animal care set forth by the National Institutes of Health in the Guide for Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee at Northwestern University.
Tissue preparation
Six cats were deeply anesthetized with Nembutal and then perfused through the aorta with saline followed by 4% paraformaldehyde in phosphate-buffered saline (PBS). The brains were removed, and the brainstem dissected from the rest of the brain. In all but one case the cerebellum was also dissected free. The brainstems were then cryoprotected in graded concentrations of sucrose in PBS (10%, 20%, and 30%), quick frozen in À70°C isopentane or a frozen solution of 30% ethylene glycol and 30% glycerol in PBS, and the frozen blocks covered with that solution and stored in a À70°C freezer until cutting. The brainstem of one case was first embedded in an albumin-gelatin matrix. 50 lm frozen frontal (five cases) or 40 lm horizontal (one case) sections of the brainstems were cut on a sliding microtome. Sections were stored at À20°C in tissue culture wells in 30% ethylene glycol and 30% glycerol in PBS.
Immunohistochemistry
Sections from 3-5 cases were incubated with each antibody and immunoreactivity visualized using standard immunohistochemical techniques (Hockfield 1993) . Briefly, sections were removed from the cryoprotectant, rinsed in PBS and incubated in a solution of PBS or PBS with 5% nonfat dry milk, 0.3% Triton-X100, 1-1.5% normal serum (Vector Laboratories, Burlingame, CA), and the primary antibody overnight on a tissue shaker at 4°. For calretinin we initially used a monoclonal antibody (Chemicon, MAB1568, 1:2500); data using this antibody are shown in Figs. 1, 3 , 5, 7, and 8. We confirmed the basic observations with a polyclonal antibody (Chemicon, AB149, 1:2500); data using this antibody are shown in Fig. 2 . For calbindin, we initially used a monoclonal antibody (Sigma, c8666, 1:2500); data are shown in Fig. 4 . We then confirmed the basic staining pattern with a polyclonal (Chemicon, AB1778, 1:2000; preabsorbed against calretinin) antibody; data using the polyclonal antibody are shown in Figs. 5, 7, and 8. Additional antibodies used were a monoclonal to parvalbumin (Sigma, P-3171, 1:2500) and a polyclonal antibody to choline acetyltransferase (ChAT, Chemicon, AB 143,1:1000). Sections were then processed using a Vector ABC Elite kit with the appropriate secondary antibody (mouse, rabbit, or Universal kits) and then the ABC solution. Immunoreactivity was visualized by incubating sections in 3,3¢-diaminobenzidine (DAB, Sigma) with 0.0015-0.003% H 2 O 2 in dilute PBS. Staining on some sections was enhanced with the addition of nickel ammonium sulfate and cobalt chloride or nickel ammonium sulfate alone to the DAB solution (Adams 1981) . For a few sections, we used Vector VIP or NovaRed as a substrate instead of DAB. Four control sections from each case were processed with the primary antibody omitted from the initial solution and then with a mouse or a rabbit secondary antibody. No immunostaining was seen when the primary antibody was omitted. Two additional control sections from each case were incubated in DAB alone to assess the presence of endogenous peroxidase activity. There was virtually no endogenous peroxidase activity, and we therefore did not include a quenching procedure.
To examine the possible colocalization of calretinin and ChAT, we simultaneously incubated six sections from the case with the attached cerebellum with the mouse monoclonal antibody to calretinin and the rabbit polyclonal antibody to ChAT, and then with Alexa fluorescent secondary antibodies (Molecular Probes, Eugene, Oregon), a goat anti-mouse Alexa 488 to label calretinin, and a goat anti-rabbit Alexa 594 to label ChAT. To show the relative distributions of calretinin and calbindin immunoreactivity, two sections were incubated simultaneously with the mouse monoclonal antibody to calretinin and the rabbit antibody to calbindin, and then labeled with the fluorescent secondary antibodies as above.
Data analysis and photography
We used the Berman (1968) atlas of the cat brainstem to determine the approximate stereotaxic anterior-posterior (A-P) or dorso-ventral (D-V) levels of coronal and horizontal sections. We also follow his terminology and abbreviations for the four nuclei of the VNC, the medial (VMN), inferior (VIN), the lateral (dorsal subdivision VLD, ventral subdivision, VLV) and the superior (medial subdivision VSM, lateral subdivision VSL) nuclei, and other brainstem structures. For each case, a set of sections 1 mm apart was stained with cresyl violet to aid in locating structures.
Frontal sections from P13 to P4 were examined under a light microscope. The locations of labeled cells in the VNC, the neighboring nucleus prepositus hypoglossi (PH), the medial longitudinal fasciculus (MLF), and the reticular formation were plotted onto outline drawings of sections about 1 mm apart using MDPlot software (Accustage, Shoreview, MN). Digital images of selected sections were captured using a Spot RT CCD video camera (1520·1080 pixels, Diagnostic Instruments, Sterling Heights, MI) mounted on a Nikon Eclipse 800 microscope. Fluorescent sections were photographed through a Biorad MRC-1024 confocal imaging system operating on a Nikon Optiphot microscope, or with the fluorescent optics of the Nikon Eclipse 800 microscope. Each confocal image consisted of a z-stack of pictures taken at a depth interval of 1 lm and then projected into one image using Confocal Assistant software. For the figures, images were adjusted for brightness and contrast using Adobe Photoshop, and plates assembled using that software. Section outlines were drawn with CorelDraw software.
Results
The labeling pattern in the VNC for each of the three calcium-binding proteins is distinctly different, and we will describe results for each separately. In addition to analyzing the labeling in the VNC proper, we also looked at label in the neighboring and functionally-related nucleus PH (Baker and Berthoz 1975; Kaneko 1997 Kaneko , 1999 , the reticular formation, the MLF, and the eighth nerve as it enters the brainstem, and we will describe the labeling pattern for those regions as well.
Calretinin
With both the monoclonal and the polyclonal antibodies to calretinin there is very little labeling in the brainstem overall, with only scattered fibers and a few cells labeled in the VNC. However, there is an intensely labeled region of calretinin-immunoreactive cells, puncta, and processes just under the ventricle, centered at 2.5-3.0 mm lateral to the midline; we shall refer to this region as the calretinin-immunoreactive area or, more simply, the calretinin area. Figure 1A illustrates the location, size and extent of the calretinin area on seven drawings of sections from about P12 to P5; these drawings are based on its appearance in sections incubated with the monoclonal antibody, three of which are illustrated in Fig. 1B -E. The calretinin area is first seen at the posterior limit of the VMN, at a stereotaxic level of about P11, and continues to the anterior limit of that nucleus, at about P6. At its posterior limit it is located relatively laterally in the VMN; from about P9 it extends medially to the border with PH. The calretinin area varies in size over its anterior-posterior extent. It is the largest at about P8-9, where it extends about 1-2 mm in the medio-lateral (M-L) direction, and 1-2 mm in the dorso-ventral direction, and smaller at more anterior and posterior levels. At its largest, the area consists of a more darkly stained central region adjoining the ventricle, surrounded laterally, medially, and ventrally by a more lightly stained region. Both regions are included in the shaded areas in A. Figures 1C and D illustrate the size and shape of cells and processes in the calretinin area. Labeled cells in the central region are relatively small, with 10-15 lm-diameter round or oval cell bodies. Most processes cannot be followed far from the cell body in this plane of section. Neurons in the surrounding region are larger, with pyramidal or polygonal cell bodies. The staining of the processes of these cells is more extensive (compare cells and processes in the upper left and lower right in Fig. 1D ).
In addition to the region of dense calretinin label in the medial nucleus, there are a few labeled cells elsewhere in the medial nucleus and in the inferior nucleus (Fig. 1B,C) . At levels of P7-P6 a few labeled cells are seen in the region where vestibular efferent neurons are found (Gacek and Lyon 1974) . At this level, a few calretinin-immunoreactive cells are seen in the superior and lateral nuclei. Calretinin also labels a few neurons in PH (Fig. 1B,C,E) . There are large calretininimmunoreactive cells in the gigantocellular terminal field of the reticular formation (FTG, Fig. 1E ). Small-diameter fibers run between the calretinin-immunoreactive region and the reticular formation. Some cells in the abducens nucleus are calretinin-immunoreactive (Fig. 1E) , and an occasional labeled cell is seen embedded in the fibers of the MLF. Figure 2A shows the calretinin area (between the arrows) on a horizontal section at about the level of À3.4. In this section the calretinin area extends about 4 mm in the A-P direction, and the change in width at different A-P levels is clear. The larger magnification photomicrograph in Fig. 2B shows cells and processes in the calretinin area, and illustrates a pronounced tendency for processes to extend in the A-P direction. Several fusiform cells are visible (arrowhead), with cell bodies also aligned in an A-P orientation. Such cells would appear to have round or oval cell bodies and short processes in sections cut in the frontal plane, as was observed. An immunoreactive cell in PH (Fig. 2B,  arrow) is also visible.
Calretinin-immunoreactivity thus distinguishes a clear subregion of the medial vestibular nucleus. Barmack described many ChAT-immunoreactive cells dorsally in the VNC of the rabbit (Barmack et al. 1992b (Barmack et al. , 1992c . The location of these cells appears to overlap the calretinin area, raising the possibility that some of the calretinin-immunoreactive cells might be cholinergic. We find, as in rabbit, that many cells in the dorsal VNC are ChAT-immunoreactive. The region over which ChATimmunoreactive cells are found is larger than, but includes, the calretinin area. In sections double-labeled for calretinin and ChAT, all cells that are clearly calretininimmunoreactive are also immunoreactive for ChAT (Fig. 3) . ChAT-immunoreactivity labels only cell bodies (Fig. 3A) , whereas calretinin-immunoreactivity labels both cell bodies and processes (Fig. 3B) . Each calretininimmunoreactive cell body can also be identified as ChAT-immunoreactive (see arrows in Fig. 3A,B ). There are many ChAT-immunoreactive cell bodies both within and outside of the calretinin region that are not calretinin-immunoreactive (arrowheads in Fig. 3A ).
Calbindin
With both the monoclonal or the polyclonal antibody to calbindin there is heavy labeling of fibers and terminals, with fibers, cross-sections of fibers, and puncta seen throughout the VNC (Fig. 4A-C) . In the three animals examined, there are regions of denser label in VIN and VMN, the size and location of which change over their anterior-posterior extent. Most posteriorly at about P12, there is a small region of dense label just along the ventricle in VIN. Slightly more anteriorly, at about P11.5, a second small region of dense label is seen at the medial edge of the VMN at the border of PH. At about P11, the medial region appears as a dark patch roughly trapezoidal in shape (Fig. 4A, arrow) . The lateral patch is still visible beneath the ventricle, and there is also patchy label in the VIN. At about P9-P10 there is a single dorso-ventrally-oriented streak of darker label. At P9-P8 there are two spots of label medially in VMN, as well as a dark patch along the ventricle (Fig. 4B) . At the level of the genu of the seventh nerve (P7) there is a patchy distribution of labeled fibers in the lateral vestibular nucleus and uniform label in the medial nucleus. At the level of the seventh nerve (P6), dense, patchy label is seen in the superior vestibular nucleus (Fig. 4C) . In order to determine the three-dimensional organization of the darker patches of label one would have to trace them on very closely spaced sections, a task we have not yet undertaken. There are also scattered labeled cells in Calbindin labels a few cells as well as a few fibers in PH (Fig. 4A-C) . In the reticular formation, the pattern of label also changes dramatically at different A-P levels. At about P11 there is a dense, circumscribed region of reticular cell and fiber label just ventral to the VMN (Figs. 4A and 5, arrowheads), in a region relatively free of calretinin label (Fig. 5 ). At about P10 there is a small cluster of labeled cells just ventral to PH. More anteriorly, at about P9.5-8.5, there is a small cluster of large labeled cells among the fibers of the MLF dorsally (Fig. 4B, arrow) .
Calretinin and calbindin thus both define areas of dense label. In order to see the relation of the calretinin area and the regions of dense calbindin fiber label, we looked at sections double-labeled for the two proteins (Sigma, MAB1568 calretinin; Chemicon, AB1778, calbindin). Figure 5 shows that the dense calbindinimmunoreactive triangular patch (red) is medial to the calretinin-immunoreactive area (green) at about P11. However, there are calbindin-immunoreactive fibers overlapping the calretinin area, and a scattering of calbindin-immunoreactive fibers in PH. The overall appearance of each label in the fluorescent material was very similar to that seen on the single-labeled sections in which immunoreactivity was visualized with DAB.
Parvalbumin
Parvalbumin-immunoreactivity is extensive in fibers and puncta throughout the VNC. The fiber labeling is more uniform than with calbindin, and about equally dense in all four nuclei and PH. Beginning at the most posterior extent of the VNC at about P12 and continuing to P9-10 there is heavy fiber label in VMN and VIN, with a few labeled cells in each nucleus (Fig. 6A) . The fiber labeling is most dense just along the ventricle. There is slightly darker parvalbumin label at the border of VMN and PH in the region of the heavy calbindin labeling (Fig. 6A,  arrow) . The bundles of fibers running through the VIN in an A-P direction, seen as cross-sections, are stained. More anteriorly, at the level of the genu of the seventh nerve, there are labeled fibers throughout the lateral nucleus (Fig. 6C) , and there are many labeled fibers cut in cross-section. More anteriorly still, there are dense labeled fibers in the superior nucleus (Fig. 6D) . The density of fiber label in PH is about the same as in the VNC (Fig. 6A-D) .
Label of fibers posteriorly in the reticular formation with parvalbumin is very sparse (Fig. 6A,B) . There are scattered labeled cells in the reticular formation, in both the FTG and the lateral tegmental field (FTL), and there are also some cells embedded in the MLF.
MLF, commissural fibers, eighth nerve
We also examined the pattern of staining in the fibers of the MLF. In coronal sections, the MLF contains many fibers cut in cross-section, as well as some longer segments. The pattern of labeling differs among the three proteins. Calretinin labeled cross-sections of fibers in the dorsal MLF over the entire anterior-posterior extent of the VNC (Fig. 1B-D; Fig. 7A,C) . Calretinin-immunoreactive fibers in the MLF are seen at levels anterior to the VNC. In addition, a few calretinin-immunoreactive fine fibers appear to extend medially from the calretinin area, weave across the MLF, and traverse the midline (Fig. 7A,C) . These fibers are seen over an A-P range of about P10-P7. Calbindin-immunoreactivity shows short labeled fibers oriented in a dorsal-ventral direction. There are also a few small caliber calbindin-immunoreactive fibers crossing the MLF ( Fig. 7D ; polyclonal antibody). Parvalbumin immunoreactivity also labels many cross-sections of fibers over the entire dorsalventral extent of the MLF, at all A-P levels (Fig. 7B,  arrowheads) . Very few such fibers are seen with calbindin. In frontal sections at about P7, fibers of the eighth nerve are seen sweeping dorsomedially through the brainstem (Fig. 8D) . Thick labeled fibers are seen in the eighth nerve with all three of the calcium-binding proteins; there are no major differences in density among them (Fig. 8A-C) . For each protein, labeled fibers are scattered about in the nerve rather than grouped together.
Discussion
We find focal regions of heavier label within the VMN and VIN with two of the three calcium-binding proteins. Calretinin immunoreactivity defines a cellular region, while calbindin immunoreactivity is predominantly in fibers. Label with parvalbumin is again largely in fibers and much more uniform across the VNC. Immunoreactivity to calcium-binding proteins in the VNC has been analyzed in several reports in the rodent, and we will review similarities and differences between those findings and our results in the cat. We will also consider the likely sources of the calbindin and parvalbumin immunoreactive fibers seen in the VNC. The functions of the regions defined by calretinin and calbindin immunoreactivity are a matter of speculation at present. We will discuss data on inputs to and projections from those regions that may help illuminate their role in vestibular reflexes.
Calcium-binding proteins in rodent brainstem
Two studies (Arai et al. 1991; Re´sibois and Rogers 1992) have looked at calretinin-immunoreactivity in the ves- Fig. 4 Changes in the pattern of calbindin-immunoreactivity in the VNC at different A-P levels, shown on three photomicrographs. The stereotaxic location of each section is indicated in the bottom right of each panel. A Arrow shows the trapezoidal calbindinimmunoreactive dense patch; arrowhead shows a small region of dense label in the reticular formation. Also visible are denser labeling along the ventricle in VMN and VIN. B The arrow on the left shows the two dense patches of label at the border of VMN and PH, and the arrow on the right the dense label along the ventricle. Arrowhead shows large calbindin-immunoreactive cell bodies embedded in the MLF. C Relatively uniform label in VMN and the VSM and VSL. Scale bar: 500 lm Fig. 5 Relative distributions of calretinin-immunoreactivity (green) and calbindin-immunoreactivity (red) on a section at about P11, at about the same level illustrated in Fig. 4A . Calretinin label is primarily in cells; calbindin label primarily in fibers. Arrowhead points to the dense calbindin cell label in the reticular formation. Scale bar: 500 lm tibular nuclear complex of rodent, one study at calbindin and parvalbumin (Celio 1990) and two studies at all three proteins (Kevetter 1996; Paxinos et al. 1999 ). There are minor differences among results in different studies in rodent, presumably reflecting differences in antibodies or methods. In general, the results for calretinin and parvalbumin are similar in cat and rodent, while the pattern for calbindin is less so.
Calretinin
We find few calretinin-immunoreactive fibers in the brainstem overall including the VNC, in agreement with the sections shown by Paxinos et al. (1999) . A region of dense calretinin cell and fiber immunoreactivity under the ventricle in the medial vestibular nucleus was seen in all rodent studies. We also see a few calretinin-immu- (Arai et al. 1991; Paxinos et al. 1999) , all but the lateral nucleus in another , and all but the superior vestibular nucleus in a fourth (Kevetter 1996) . We see labeled fibers in the MLF and eighth nerve and labeled cells in the reticular formation, in agreement with all studies in the rodent. Kevetter (1996) noted that stained fibers could be traced from the calretinin area across the midline, in agreement with our observation of calretinin-immunoreactive fibers crossing the midline in the cat.
Calbindin
We see widespread fiber labeling in the VNC, with restricted denser patches at more posterior levels in the medial and inferior nuclei, and more uniform label more anteriorly in the lateral and superior nuclei. Widespread calbindin fiber label has also been seen in all rodent studies, with some disagreement about the presence and locus of darker patches. Kevetter (1996) emphasized the similarity of calbindin and parvalbumin staining but did mention more dense calbindin fiber and terminal label in VMN under the ventricle and also at the medial border of VMN and PH. However, the atlas of Paxinos et al. distinguishes two subdivisions of the medial vestibular nucleus with calbindin staining. These divisions do not appear similar to the pattern in cat, and the dense patch at the border of VMN and PH that we see in cat is not apparent in their illustrations. We also saw scattered labeled cells in the VNC. Again different reports vary, from reports of calbindin-labeled cells in all nuclei (Paxinos et al. 1999) , cells only in VMN and VIN (Saxon and Beitz 2000) and few or no calbindin-labeled cells (Celio 1990; Kevetter 1996) . The differences between our findings in the cat and other studies in the rodent are thus no greater than variability among rodent studies, suggesting that there may not be major species differences in calbindin labeling of cells. A few calbindin-labeled cells in the reticular formation and in PH were shown by Paxinos et al. (1999) . All studies agree that a population of eighth nerve fibers is labeled with calbindin.
Parvalbumin
The widespread and uniform pattern of parvalbuminimmunoreactive fiber label in the eighth nerve and Fig. 8 Immunoreactivity for calcium-binding proteins in the fibers of the eighth nerve as it enters the brainstem, shown on photomicrographs of neighboring sections at about P7.0. A Calretinin-immunoreactive fibers. B Calbindin-immunoreactive fibers. C Parvalbumin-immunoreactive fibers. D The drawing shows an outline of a section through the brainstem at P7. b VNC in the cat is similar to that in all studies in rodent. We see scattered parvalbumin-immunoreactive cells in the VNC, as did one rodent study (Paxinos et al. 1999) . Label in PH similar to that in the VNC is shown by Kevetter (1996, Fig. 3C ), however in the pictures of Paxinos et al. (1999) the label in PH is much lighter than in the VNC (Fig. 155) . Labeled fibers in the MLF are illustrated in the Paxinos atlas and in the study of Celio (1990) . Labeled cells in the reticular formation and MLF are shown by Paxinos et al. (1999) , whereas Kevetter (1996) found no labeled cells in the MLF.
The fiber label in the eighth nerve in cat appears about equal with each of the three antibodies. While all studies in rodents report fibers immunoreactive for each protein, there are major differences in the relative numbers of fibers immunoreactive for the different proteins, and the degree of colocalization. The significance of these differences cannot be evaluated in the absence of standardized methods and more quantitative data analysis.
ChAT
We see a population of ChAT-immunoreactive cells in the dorsal VNC, and present evidence that cells of the calretinin-area colocalize ChAT and calretinin. ChATimmunoreactive cells in the VNC have been described in rabbit and rodent (Barmack et al. 1992b (Barmack et al. , 1992c , and in one study (Carpenter et al. 1990 ), but not another (Kimura et al. 1981) in the cat. No previous studies analyzed the possible colocalization of ChAT and any of the calcium-binding proteins.
Sources of calretinin, calbindin, and parvalbumin fibers
For all three calcium-binding proteins, the eighth nerve is one source of immunoreactive fibers in the VNC. For calbindin and parvalbumin, but not calretinin, a second major source is Purkinje cells of the cerebellum (Celio 1990) . Work in the rodent suggests that the cerebellum and the eighth nerve are in fact the only sources of calbindin-immunoreactive fibers in the VNC (Kevetter and Leonard 1997; Ba¨urle et al. 1998) . The possible sources of parvalbumin-immunoreactive fibers are more numerous, as several brainstem structures with parvalbumin-immunoreactive cells, including the interstitial nucleus of Cajal (Kokkoroyannis et al. 1996; Horn et al. 1999) , the rostral interstitial nucleus of the MLF (Horn and Bu¨ttner-Ennever 1998) and inhibitory and excitatory burst neurons of the reticular formation (Horn et al. 1995) may contribute the parvalbuminimmunoreactive fibers that are seen in the MLF and VNC.
Functional considerations

Calcium-binding proteins
Calcium-binding proteins have been proven to be useful markers of specific cell and fiber populations in diverse locations within the nervous system. For example, calretinin-immunoreactive neurons have been found in the retina (Jeon and Jeon 1998) , the hippocampus (Murakawa and Kosaka 1999), the cerebellum (Fortin et al. 1998) , and are a sub-population of GABAergic neurons in cerebral cortex (Conde´et al. 1994 ). The calciumbinding protein associated with a given neurotransmitter varies. Purkinje cells, which are GABAergic, do not contain calretinin (Arai et al. 1991; Re´sibois and Rogers 1992; Rogers and Re´sibois 1992; Edmonds et al. 2000) , and do colocalize parvalbumin and calbindin (Batini 1990; Celio 1990 ). In cerebral cortex each calciumbinding protein is found in a separate population of GABAergic interneurons (Van Brederode et al. 1990) , and in the vestibular nerve, the three proteins are present in three different populations of glutamatergic fibers (Carpenter et al. 1990) . Physiological roles of the different calcium-binding proteins are still debated (Arai et al. 1991; Baimbridge et al. 1992; Rogers and Re´sibois 1992) . Their calcium buffering capacity could influence diverse functions, segregating signaling pathways by limiting calcium diffusion (Roberts 1993 (Roberts , 1994 Lenzi and Roberts 1994) . It is possible the regulation of response timing by calcium-binding proteins that occurs in frog saccular hair cells (Edmonds et al. 2000) is also relevant to the much longer time course of central vestibular mechanisms.
Calretinin area
At present, we do not know either the response properties or connections of the cells in the calretinin area. Inferences about the function of the area can be made only on the basis of anatomical studies that examined connections of the general territory of the calretinin area. While there are some data in cat, there are also pertinent studies in other species. In interpreting these data it is also necessary to remember that the calretininimmunoreactive cells are interspersed with other cells that may not have the same pattern of connections. However, the evidence is strong enough to suggest some general ideas about the possible functions of the calretinin area. First, it is clear that the calretinin area of the VMN receives direct vestibular nerve input (Korte 1979; Carleton and Carpenter 1984; Siegborn et al. 1991) and likely participates in several efferent systems affecting the control of eye movements, including the vestibuloreticular, commissural, and vestibulocerebellar pathways. The results of anterograde and retrograde labeling studies of vestibulospinal projections are consistent with the idea that some cells in the calretinin area may contribute axons that descend to the spinal cord to influence either sensory or motor function (Nyberg-Hansen 1964; Peterson and Coulter 1977; Blessing et al. 1981 Blessing et al. , 1987 Holstege and Kuypers 1982; Isu et al. 1996) . At least some vestibulospinal projections are inhibitory and GABAergic (Blessing et al. 1987 ), but both inhibitory and facilitatory influences have been seen, consistent with a cholinergic projection (Isu et al. 1996) .
Connections with the reticular formation are suggested by the calretinin-labeled fibers observed streaming between the calretinin area and the reticular formation just ventral to it. Hauglie-Hanssen (1968) also described such fibers in Golgi material in the cat. This region of the reticular formation participates in eye movement control, and is the location of the inhibitory burst neurons (Hikosaka and Kawakami 1977) . There are axons from the region that project to the VNC (Pompeiano et al. 1978; Matsuyama et al. 1988 ). The calretinin-immunoreactive cells may work with the reticular formation in the control of horizontal eye movements.
We saw calretinin-immunoreactive fibers crossing the midline. This observation is in agreement with studies using retrograde tracers that have shown contralaterally projecting neurons in territory that overlaps the calretinin-immunoreactive area (Pompeiano et al. 1978; Epema et al. 1988 ). The labeled fibers in the MLF may originate from the cells in the VMN, as suggested by Re´sibois and Rogers (1992) , and interconnect this region with other eye movement way stations.
There is anatomical evidence that suggests that the region of the calretinin area is reciprocally connected with the cerebellum, and specifically the nodulus (Sato et al. 1983; Langer et al. 1985b; Shojaku et al. 1987; Walberg and Dietrichs 1988; Epema et al. 1990; Barmack et al. 1992c; Tan and Gerrits 1992; Tan et al. 1995; Xiong and Matsushita 2000) . The notion that the calretinin-immunoreactive cells themselves project to the cerebellum is consistent with the finding of a cholinergic projection from the VNC to the cerebellum (Barmack et al. 1992a (Barmack et al. , 1992c . However, there are cells immunoreactive for just ChAT interspersed with the cells immunoreactive for both ChAT and calretinin. Direct evidence for the participation of the calretinin-immunoreactive cells in this projection would depend on experiments combining retrograde tracer injections with immunohistochemistry.
Several studies have used retrograde tracing or electrophysiological techniques to locate the cells in the VMN of the cat that project the nuclei of the third, fourth, and sixth cranial nerves (Graybiel and Hartwieg 1974; Gacek 1977; Uchino et al. 1982; Isu and Yokota 1983; Langer et al. 1986; Ohgaki et al. 1988; Spencer et al. 1989; Hoddevik et al. 1991) . In all reports, these cells are shown ventral to the calretinin area. This suggests a modulatory rather than a command role for the calretinin area in the generation of eye movements. This idea is also supported by the evidence of connections with the cerebellum, a key source of modulatory information (for example Lisberger 1994 ).
At present we do not have data to suggest whether single cells in the calretinin area project only to one destination or to several. Nor is the internal organization of the area clear; cells at different A-P levels may have different connections. These questions can only be answered by experiments using retrograde and anterograde tracing techniques.
Medial calbindin region
Consideration of data from several studies suggests that the dense calbindin-immunoreactive patches at the border of the VMN and PH may correspond to areas of dense input from cerebellum, and specifically from the flocculus. Kevetter and Leonard (1997) showed that the two populations of calbindin-labeled fibers were differentially distributed, with cerebellar and not vestibular afferents going to the parvocellular and central subdivisions of the VMN, regions which on geographic grounds would include the dense zones of calbindin fiber immunoreactivity seen in cat. Further evidence for the cerebellum as the source of the calbindin dense fiber patches comes from a study of a mouse mutant that lacks Purkinje cells (Ba¨urle et al. 1998) . That study found that the region at the border of PH and VMN, the site of our dense patch of calbindin-labeled fibers, was free of calbindin-labeled fibers in those animals. Several studies suggest the most likely source of cerebellar projections to the regions of dense calbindin fiber label is the flocculus (Sato et al. 1982; Langer et al. 1985a; Shojaku et al. 1987; Umetani 1992; De Zeeuw et al. 1994; Tan et al. 1995) . The calbindin-dense patches thus define input compartments. Anatomical data can suggest possible projections of the cells receiving this input. One likely target is oculo-motoneurons, since cells retrogradely labeled from tracer injections in the oculomotor and abducens nuclei have been found in the region of high calbindin density at the border of PH and VMN (Graybiel and Hartwieg 1974; Gacek 1977; Langer et al. 1986 ). The cerebellar input suggests the possibility that cells receiving that input are brainstem participants in cerebellar-mediated computational or plastic functions (Rambold et al. 2002) .
In summary, immunoreactivity for calcium-binding proteins in the cat VNC has shown evidence for two neurochemically-defined subdivisions in the VMN. The calretinin area is common across several species, whereas the organization of calbindin input fibers shows some species variation. Evidence from anatomy and physiology suggests that these two subdivisions have distinct functional roles in the processing and modulation of vestibular information, and in the control of eye movements. Anatomical studies of the connections of these regions, as well as electrophysiological studies of the constituent neurons, are needed to further develop hypotheses about their function. Especially interesting would be knowledge of the nature of the vestibular signals distributed to these regions. It is clear that axons carrying information from different vestibular end organs have different distributions in the VNC (Stein and Carpenter 1967; Kevetter and Perachio 1985; Siegborn et al. 1991; Sato and Sasaki 1993) , but the total pattern is not known. Angaut and Brodal (1967) described the vestibular nuclear complex as a ''mosaic of minor units''; immunohistochemistry is adding another anatomical tool for visualizing those units.
